Cite this article as: Imasaka K-I, Yasaka M, Tayama E, Tomita Y. Obstructive carotid and/or intracranial artery disease rarely affects the incidence of haemodynamic ischaemic stroke during cardiac surgery: a study on brain perfusion single-photon emission computed tomography with acetazolamide. Eur J Cardiothorac Surg 2015;48:739-46. Obstructive carotid and/or intracranial artery disease rarely affects the incidence of haemodynamic ischaemic stroke during cardiac surgery: a study on brain perfusion single-photon emission computed tomography with acetazolamide Abstract OBJECTIVES: Ischaemic stroke is a major complication of cardiac surgery. The optimal strategies for operating on patients with obstructive carotid and/or intracranial artery disease (CIAD) are controversial. We aimed to clarify whether single-photon emission computed tomography (SPECT) with acetazolamide, to quantify the cerebral perfusion reserve, could predict the risk of haemodynamic ischaemic stroke during cardiac surgery.
INTRODUCTION
Stroke remains one of the most devastating complications of cardiac surgery, with an estimated incidence of 1-5% [1] . Perioperative stroke has many causes, including the potential contributions of micro-and macroemboli, systemic inflammatory response to cardiopulmonary bypass (CPB) and hypoperfusion arising from significant carotid artery disease [2] . The impact of carotid and/or intracranial artery disease (CIAD) during cardiac surgery is not fully understood. Some studies have shown that obstructive CIAD results in a higher risk of cerebral ischaemia during coronary artery bypass grafting (CABG) [3] . Another study showed that cerebral autoregulation, even in patients with obstructive CIAD, is largely intact during CABG with CPB [4] . The risk of ischaemic stroke distal to obstructive CIAD is associated with impaired cerebral autoregulation [5] . Therefore, the incidence of perioperative stroke may be increased only in patients with depleted autoregulation, leading to a low cerebral perfusion pressure.
Single-photon emission computed tomography (SPECT) allows quantification of cerebral blood flow and the use of acetazolamide allows detection of haemodynamic compromise [6] . SPECT with acetazolamide is a valuable, non-invasive method for predicting the risk of haemodynamic ischaemic stroke in CIAD patients [6] . Moreover, the severity of haemodynamic cerebral ischaemia can be definitively and objectively classified using software with various analysis methods [6, 7] .
This study investigated whether a quantitative analysis of cerebral blood flow, using SPECT, could identify patients at high risk of haemodynamic ischaemic stroke during cardiac surgery.
MATERIALS AND METHODS

Study population
This study was approved by our institutional review board and the need for individual consent was waived. Between January 2009 and December 2013, 790 consecutive patients underwent heart and thoracic aortic surgery in our institute. From this cohort, we reviewed 514 patients undergoing elective cardiac surgery. Patients undergoing aortic root replacement or ascending aortic replacement, without brain protection, were included. Other procedures in the inclusion criteria were repair of congenital heart diseases, resection of cardiac tumours, patch closure of Valsalva sinus aneurysms, extensive pericardiectomy for constrictive pericarditis with CPB as well as repair of perivalvular leakage after aortic valve replacement and total arch replacement for acute type A aortic dissection.
Preoperative screening for cerebrovascular disease
Carotid artery ultrasonography (n = 502; iE33; Philips Medical Systems, Tokyo, Japan) and/or magnetic resonance angiography (n = 397; Magnetom Symphony; Siemens, Erlangen, Germany and Siga Infinity Excite; GE Healthcare, Milwaukee, WI) were performed in all 514 patients who were scheduled to undergo elective cardiac surgery. Using carotid artery ultrasonography, the degree of stenosis was calculated based on the method described in the European Carotid Surgery Trial [8] ; the degree of stenosis determined by magnetic resonance angiography was calculated using the North American Symptomatic Carotid Endarterectomy Trial criteria [9] . The calculated percent stenosis was classified as mild (30-49%), moderate (50-69%), severe (70-99%) or occlusion [10] . All images were evaluated by a qualified radiologist or neurologist.
Cerebral haemodynamics were evaluated by SPECT whenever severe stenosis or occlusion of the major arteries was detected. Obstructive CIAD was defined as severe stenosis or occlusion of the common carotid artery (CCA), internal carotid artery (ICA) or middle cerebral artery (MCA). The E.CAM SPECT apparatus (two-head SPECT system; Siemens) was used, with N-isopropylp-[
123 I]-iodoamphetamine ( 123 I-IMP) or 99m Tc-ethyl cysteinate dimer ( 99m Tc-ECD) as the tracer. An elliptical region of interest, more than 16 cm 2 in size, was located in the cortical area of the MCA territory on each side. Areas of infarct, if present, were excluded from the region of interest. The resting regional cerebral blood flow (rCBF) values were measured quantitatively using IMP autoradiography [7] . When 99m Tc-ECD was used as the tracer, rCBF values were measured quantitatively, using the Patlak plot method [11] . The rCBF values were also measured after an acetazolamide challenge test. Regional cerebrovascular reactivity (rCVR) was expressed as [(rCBF acetazolamide − rCBF rest )/rCBF rest ] × 100 (%), where rCBF rest and rCBF acetazolamide denote rCBF before and after intravenous acetazolamide infusion, respectively.
The lower limit values of rCBF using SPECT ( 99m Tc-ECD) were rated as reduced when they were less than the mean minus 2 SDs of the control values (45.7 ± 6.1 ml/100 g/min), based on prior reports [6, 12] . The normal range of rCBF, using SPECT ( 123 I-IMP), was 34-50 ml/100 g/min, according to the inclusion criteria of the Japanese EC-IC bypass trial ( JET study) [7] . The lower limit of rCVR was assigned as 10% [13] . Thus, depleted cerebral perfusion reserve was defined as an rCBF in the ipsilateral MCA ≤34 ml/100 g/min, with an rCVR of ≤10%. If patients were diagnosed with depleted cerebral perfusion reserve, intervention for obstructive CIAD was performed before cardiac surgery, to prevent haemodynamic ischaemic stroke.
Anaesthesia and cardiopulmonary bypass in cardiac surgery
The patients received propofol, fentanyl and sevoflurane for anaesthesia and rocuronium for skeletal muscle relaxation. To avoid and reduce macroembolization, epiaortic ultrasonography of the ascending aorta was performed for all patients. In cases of severe atherosclerosis and/or severe calcification in the ascending aorta, the cannulation site of the ascending aorta was changed to the right axillar artery. Moreover, if necessary, the clamp site was also changed. The standard CPB technique included non-pulsatile flow, membrane oxygenator, arterial line filter, mild hypothermia at 32-35°C and the alpha-stat method for acid-base management. The CPB flow was regulated at 2.0-2.4 l/min/m 2 . The mean perfusion pressure during CPB was maintained between 50 and 60 mmHg with a vasoconstrictor (norepinephrine or phenylephrine) or a vasodilator ( prostaglandin E 1 or nicardipine). In particular, patients with obstructive CIAD underwent cardiac surgery with CPB during which mean systemic perfusion pressure was above 70 mmHg. High central venous pressures were immediately resolved by improving drainage with repositioning of venous cannulae. Carbon dioxide field flooding was used for removal of intracardiac air during CPB. Haemoglobin level and arterial blood gases were measured after tracheal intubation, 10 min after initiation of CPB and then hourly. Gas flow to the oxygenator during CPB was manipulated to maintain normocarbia, based on continuous in-line arterial blood gas monitoring or arterial PaCO 2 results. The INVOS Cerebral Oximeter (Somanetics Corp., Troy, MI, USA) was used to estimate intraoperative cerebral ischaemia and cerebral oxygen desaturation during cardiac surgery. Cardiac de-airing was carefully performed with transoesophageal echocardiography before termination of CPB.
Definition of neurological deficit
Perioperative stroke was detected using diffusion-weighted magnetic resonance imaging or brain computed tomography when patients had any symptoms related to transient neurological dysfunction or permanent neurological dysfunction. Diagnosis of a neurological outcome event was made by a neurologist who was consulted for suspected signs or symptoms. Neurological dysfunction was defined based on the definition of the Mount Sinai group [14] : permanent neurological dysfunction, the presence of deficits that persisted at discharge; transient neurological dysfunction, transient loss of orientation, slurred language, agitation or poor response to commands.
Statistical analysis
Categorical variables were expressed as frequencies and percentages, and continuous variables as means ± standard deviations. Mann-Whitney U-test was used to compare continuous variables, whereas Fisher's exact test was used to compare categorical variables. A P-value of <0.05 was considered statistically significant. The data were analysed using the statistical analysis system software JMP 11.0.0 (SAS Institute, Inc., Cary, NC, USA).
RESULTS
The distribution of the surgeries performed is given in Table 1 ; 274 patients undergoing emergent surgery (n = 90) and/or thoracic aortic surgery with brain protection (hypothermic circulatory arrest with selective cerebral perfusion or with retrograde cerebral perfusion; n = 184) were excluded. Moreover, 2 patients were excluded because of the development of multiple cerebral air embolism during surgery or postoperative hypoxic ischaemic encephalopathy due to acute lung injury.
Preoperative screening for carotid and/or intracranial artery disease and patient characteristics
The treatment strategy is described in I-IMP,  2; 99m Tc-ECD, 86) showed that 87 (98.9%) of the 88 patients with obstructive CIAD had a normal cerebral perfusion reserve. The single patient with a depleted cerebral perfusion reserve underwent prophylactic cerebral intervention before cardiac surgery.
On the other hand, carotid ultrasonography and/or magnetic resonance angiography showed that carotid and/or intracranial arterial stenosis were moderate in 47 (9.1%), mild in 76 (14.8%) and normal in 303 (59.0%) patients. In addition, besides the proposed screening protocol, SPECT ( 99m Tc-ECD) was performed in 188 patients (36.6%) without obstructive CIAD, according to the decision of the attending physician. The results identified 47 patients with moderate stenosis, 35 with mild stenosis and 106 with normal arteries. These decisions by the attending physician were chiefly made because of poor knowledge about the effect of intracranial and/or extracranial artery disease in patients undergoing cardiac surgery.
The baseline characteristics of patients with, versus those without, obstructive CIAD are given in Table 2 . The average patient age was 68.9 ± 11.8 years, including 78 octogenarians; the majority (319 [62.1%]) were males. rCBF rest , rCBF acetazolamide and rCVR
The rCBF rest values were relatively low, and the rCBF acetazolamide and rCVR values were significantly lower in patients with, compared with those without, obstructive CIAD (Table 3) . Patients without obstructive CIAD, who underwent SPECT, demonstrated normal cerebral perfusion reserve. Conversely, Fig. 2 shows the rCBF values in the MCA cortical area of patients with obstructive CIAD; 3 had rCBF rest and rCBF acetazolamide values of ≤34 ml/100 g/min. One of those 3 patients had an rCVR of <10% and was diagnosed with depleted cerebral perfusion reserve. Thus, only 1 (0.2%) of the 514 patients undergoing elective cardiac surgery was judged to have a risk of perioperative ischaemic stroke.
Carotid artery ultrasonography and magnetic resonance angiography in this patient showed occlusion of the right ICA. His rCBF rest (ml/100 g/min), rCBF acetazolamide (ml/100 g/min) and rCVR (%) by SPECT ( 50/33, respectively (Fig. 3) . The patient has not suffered any coronary or cerebral ischaemic events, to date. In patients with obstructive CIAD undergoing off-pump CABG, SPECT showed preserved cerebral perfusion reserve with rCBF rest (ml/100 g/min), rCBF acetazolamide (ml/100 g/min) and rCVR (%) values of 44.8 ± 5.9/43.7 ± 5.8 (right/left), 56.6 ± 9.1/54.9 ± 6.1 and 24.9 ± 11.1/26.5 ± 12.7, respectively; none were contraindicated for CABG with CPB. Off-pump CABG was selected due to singlevessel disease (2 patients), severe aortic atherosclerosis (6) and surgeon's preference (2) . Moreover, no patients, with and without obstructive CIAD, undergoing off-pump CABG required scheduled intra-aortic balloon pumping support with the aim of haemodynamic stability. Table 4 summarizes the operative data and results of surgery. Seven (1.4%) patients died in-hospital due to non-occlusive mesenteric ischaemia (3), ruptured abdominal aortic aneurysm (1), aspiration pneumonia (1), low cardiac output syndrome (1) and idiopathic causes (1) . Significantly more patients with obstructive CIAD, than without, underwent CABG and off-pump CABG (P < 0.001 and =0.029, respectively). In contrast, significantly fewer patients with obstructive CIAD, than without, underwent valve surgery (P < 0.001). Aortic cross-clamping time, CPB time, operative time and postoperative events did not differ significantly between the two groups of patients. Table 5 presents the clinical characteristics of the patients who developed perioperative stroke after surgery. None of the patients undergoing elective cardiac surgery experienced haemodynamic ischaemic stroke. Five patients (1.0%) experienced non-haemodynamic strokes; none of which were fatal. The strokes were unilateral in Figure 3 : Radiological findings of a 54-year-old man who was diagnosed with silent myocardial ischaemia. Preoperative magnetic resonance angiography and conventional angiography showed total occlusion of the right internal carotid artery (ICA, A and B). Moreover, conventional angiography revealed a little collateral circulation from the left ICA to the middle cerebral artery (MCA) territory through the anterior communicating artery. Preoperative SPECT ( 123 I-IMP) revealed a significant reduction in cerebral blood flow at rest and its reactivity to acetazolamide in the right MCA territory (C: rest and acetazolamide). Magnetic resonance angiography after superficial temporal artery-MCA bypass in the right MCA territory showed good patency (D). Conventional postoperative angiography revealed the development of good collateral vessels in the right MCA territory (E). Postoperative SPECT ( 123 I-IMP) showed an improvement in cerebral circulation (F: rest and acetazolamide).
Cardiac surgery and operative results
Perioperative stroke
123 I-IMP: N-isopropyl-p-[ 4 patients and multiple in 1. The strokes resulted in permanent neurological dysfunction in 2 patients, with all strokes occurring due to embolization. Multiple cerebral strokes occurred in 1 patient during cardiac surgery, and were due to cardiogenic embolization (Case 5). The other strokes occurred 3-10 days after surgery: 4 unilateral strokes were due to occlusion of an atherosclerotic large artery (Cases 1 and 2) or cardiogenic embolization during paroxysmal atrial fibrillation (Cases 2, 3 and 4). The patient in Case 1 had a stroke distal to severe stenosis in the left posterior cerebral artery. The stroke in Case 2 occurred in the right hemisphere (MCA territory infarction) distal to severe stenosis in right ICA during paroxysmal atrial fibrillation. Therefore, a neurologist diagnosed that atherothrombotic or cardioembolic stroke caused a neurological deficit. All patients were discharged after their conditions stabilized.
DISCUSSION
The major findings from the present study were that (i) brain perfusion SPECT is very likely to enable prevention of haemodynamic ischaemic stroke in patients with obstructive CIAD during cardiac surgery, and (ii) cerebral autoregulation during cardiac surgery appears to be largely intact in almost all patients. Multiple treatments are effective for treating carotid disease [15] . However, the optimal management of patients with coexisting carotid artery and coronary artery disease is poorly defined [16, 17] . Gerraty et al. reported 53 patients with significant carotid artery stenosis/occlusion (28 patients with ≥80% stenosis or occlusion) who underwent a vascular or cardiac operation. Ipsilateral, perioperative strokes did not occur, despite 22 patients experiencing a period of hypotension [16] . In contrast, Brener et al. [17] reported major neurological deficits in 14% of patients with unilateral ICA occlusion, 20% of patients with significant ICA stenosis and contralateral ICA occlusion as well as 33% of patients with bilateral ICA occlusion. Thus, whether haemodynamic cerebral ischaemia occurs due to decreased ipsilateral hemisphere blood flow, distal to obstructive CIAD, during cardiac surgery remains unclear. In the current study, a preoperative SPECT examination revealed that almost all patients undergoing cardiac surgery had a normal cerebral perfusion reserve. As a result, they safely Figures 1 and 2 ). In general, haemodynamic cerebral ischaemia is divided into two stages of haemodynamic impairment. In Stage I, a decline in cerebral perfusion pressure leads to autoregulatory vasodilatation of resistive brain vessels. As a result, intravascular cerebral blood volume increases, causing haemodynamic compromise. In Stage II, the cerebral blood flow in the ischaemic brain lesion decreases and the cerebral oxygen extraction increases ('misery perfusion'). Patients with misery perfusion in Stage II ischaemia are considered to have a significantly higher risk of stroke than those without it [18] . This impaired cerebral autoregulation, which is the diminished response to a vasodilatory stimulus accompanied by a reduction in the resting cerebral blood flow, can be quantified by SPECT. In fact, in the present study, only 1 of the 88 patients diagnosed, by carotid ultrasonography and/or magnetic resonance angiography, as having obstructive CIAD showed low rCBF and rCVR values. Prophylactic cerebral intervention, before cardiac surgery, may have been successful in preventing haemodynamic ischaemic stroke during cardiac surgery. Therefore, these findings suggest that brain perfusion SPECT study can detect misery perfusion and identify patients at high risk for ischaemic stroke during cardiac surgery.
Besides its haemodynamic aetiology, ischaemic stroke can also be due to embolic causes. Significant potential causes of embolic stroke during cardiac surgery are the result of aortic manipulation, such as aortic cannulation or aortic clamping, and the sandblasting effect of flow through the aortic cannula against the aortic wall [19] . Moreover, some patients experienced delayed stroke. The reported risk factors of delayed stroke are atrial fibrillation, lowoutput syndrome and hypercoagulability after cardiac surgery [19] .
In the present study, 484 (94.2%) of 514 patients underwent cardiac surgery with CPB, and 30 (5.8%) underwent off-pump CABG. Only 1 patient was diagnosed as having impaired CIAD, by SPECT. As a result, the incidence of perioperative stroke was low (n = 5, 1.0%). Moreover, none of the patients experienced haemodynamic ischaemic stroke. These findings indicate that patients with normal cerebral autoregulation can safely undergo cardiac surgery, with or without CPB, whereas those with impaired cerebral autoregulation should undergo prophylactic cerebral intervention.
Identifying the appropriate patients to undergo brain perfusion SPECT who are at high risk of haemodynamic ischaemic stroke during cardiac surgery is a highly important problem in terms of cost-effectiveness. Magnetic resonance angiography (16 000 Japanese yen [JPY] ) and brain perfusion SPECT (63 000 JPY) are more expensive than carotid artery ultrasonography (5500 JPY). However, carotid artery ultrasonography alone is insufficient to predict haemodynamic ischaemic stroke during cardiac surgery for patients with obstructive intracranial artery disease. The present study clarified that obstructive CIAD rarely affected the incidence of haemodynamic ischaemic stroke during cardiac surgery. Therefore, henceforth, we intend to perform brain perfusion SPECT only for patients with severe or occlusive CIAD in a future preoperative investigation.
LIMITATIONS
Our study had two limitations. First, the sample size was limited, and our study population was a homogeneous population from a single centre, which may limit the generalization of our findings. Moreover, in truth, the role of brain perfusion SPECT to predict haemodynamic ischaemic stroke during cardiac surgery is not fully verified in this study. Therefore, randomized controlled trials and meta-analyses are necessary to assess the validity of the current findings. Secondly, the effect of STA-MCA bypass on ischaemic stroke remains unclear because two new randomized clinical trials have revealed contradictory results [20, 21] . The JET study showed that STA-MCA bypass significantly reduced the subsequent incidence of recurrent ischaemic stroke in patients with impaired cerebral perfusion reserve due to obstructive CIAD [20] . Some studies on the effects of STA-MCA bypass in patients with occlusive intracranial artery disease have been published in our institute [20, 22, 23] . We believe that the present results will help establish optimal strategies for patients with obstructive CIAD undergoing cardiac surgery.
CONCLUSIONS
In conclusion, our study indicated that occurrence of intraoperative ischaemic stroke is very rare. Quantitative analysis of functional neuroimaging, using SPECT, is recommended to identify patients with a depleted cerebral perfusion reserve. Identification of patients with impaired cerebral autoregulation may help enhance treatment outcomes in the presence of combined carotid and heart disease. However, brain perfusion SPECT should be used only for patients with severe or occlusive CIAD because it is an expensive examination tool.
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